Background: Few studies have investigated the association between post-diagnosis physical activity and mortality among men diagnosed with prostate cancer. The aim of this study was to investigate the effect of physical activity after a prostate cancer diagnosis on both overall and prostate cancer-specific mortality in a large cohort.
Introduction
Prostate cancer is the most common type of cancer among men in the Western world (1). The incidence is continuing to increase while mortality rates decrease (2) . The vast majority of patients are diagnosed with localized disease (2) and have a good prognosis of survival. In Sweden, the 10-year survival rate for all stages combined is approximately 70% (3) . Physical activity has previously been associated with increased muscular fitness, physical functioning and health-related quality of life among men with prostate cancer (4, 5) and could potentially complement existing treatments after diagnosis to improve survival.
There is consistent evidence linking increased physical activity to reduced all-cause mortality among cancer survivors, as well as reductions in breast and colon cancer-specific mortality (6) . Among male cancer survivors, higher levels of physical activity have also been associated to both all-cause and cancerspecific mortality (7) . Although increased physical activity was associated with a reduced risk of prostate cancer in a recent meta-analysis (8) , very little is known about the association between post-diagnosis physical activity and survival among patients with prostate cancer.
Only 2 recent studies have previously investigated the effects of physical activity after diagnosis on prostate cancer progression and mortality. The first study published by Kenfield and colleagues (9) showed that among 2,705 men with nonmetastatic prostate cancer, those who were vigorously active post-diagnosis had a reduced risk of prostate cancer-specific mortality by 61% compared with less active men. The second study by Richman and colleagues (10) , following 1,455 men, showed that men walking briskly during !3 h/wk had a 57% lower rate of progression than in men who walked at an easier pace for shorter duration. Also, a suggestive, but nonsignificant, inverse association between vigorous activity and prostate cancer progression was seen.
Using data from a cohort of 4,623 Swedish men diagnosed with localized prostate cancer, we aim to further investigate the effect of prostate cancer post-diagnosis physical activity on overall and prostate cancer-specific mortality in a larger study sample than previously used.
Materials and Methods
The Swedish National Cancer Register (NCR; ref. 11) holds information on all incident cancers in Sweden, whereas the National Prostate Cancer Register (NPCR; ref. 12) of Sweden includes 98% of prostate cancer cases in the NCR. The latter also holds information of tumor-node-metastasis (TNM) stage, serum prostate-specific antigen (PSA) levels, tumor differentiation at time of diagnosis, and primary treatment.
Study participants in the present study (PROCAP, PROgression in CAncer of the Prostate) were derived from the NPCR of Sweden Follow-up Study (13) , a retrospective nationwide cohort study of men with localized prostate cancer. In short, participants eligible for inclusion in this study were men registered with a localized prostate cancer in the NPCR between January 1, 1997 (January 1, 1998, in one region) and December 31, 2002. Further inclusion criteria were diagnostic serum PSA <20 ng/mL, local tumor stage T1-T2, no signs of lymph node metastasis (NX or N0), or bone metastasis (MX or M0), and being 70 years of age at diagnosis. In total, 8,304 patients fulfilled the criteria and 7,960 (96%) accepted inclusion to the NPCR of Sweden Follow-up Study.
All men in the NPCR of Sweden Follow-up Study who were still alive in 2007 (n ¼ 7,075) were eligible for inclusion in PROCAP. In total, 5,779 (82%) of the invited men responded to a questionnaire assessing lifestyle factors and/or donated a blood sample for genetic analysis between January 2007 and June 2008. Participants responded to the questionnaire either in paper format (50%) or via the web (50%). Paper-based questionnaires were scanned into a digital format after being checked for completeness by study personnel, whereas data from the web-based questionnaires were directly saved in digital format. The PROCAP study has previously been described elsewhere (14) . Men with missing clinical information (n ¼ 290) or questionnaire data (n ¼ 301) and men with incomplete data on physical activity (n ¼ 525) were excluded. In total, 4,623 patients were included in the final analysis.
End points in the present study were prostate cancer-specific mortality and all-cause mortality. Cause of death and date of death were obtained from the Swedish Cause-of-Death Registry. Time to event was defined as time from prostate cancer diagnosis to date of death reported in the registry or censoring on December 31, 2012, whichever came first.
The study has been approved by the research ethics board at Karolinska Institutet (Stockholm, Sweden) and all patients included in PROCAP gave their written informed consent for participation at the time of inclusion.
Time spent walking/bicycling, performing household work, and exercising "after diagnosis" was estimated using a validated physical activity questionnaire (15) . Participants were asked to report how much time they spent walking/bicycling, performing household work, or exercising "after diagnosis." Each activity was assigned a metabolic equivalent (MET) level based on MET values specified in The Compendium of Physical Activities almost never, <1 h/wk, 1-2 h/wk, 2-3 h/wk, 3-4 h/wk, 4-5 h/ wk, and >5 h/wk. In the present study, the crude response alternatives were further combined into 2 categories based on the predefined response alternatives for each type of activity with walking/bicycling as <20 and !20 min/d, performing household work as <1 and !1 h/d, and exercising as <1 and !1 h/wk. Furthermore, the reported time spent walking/bicycling, performing household work, and exercising was multiplied by the MET-value for each activity. The resulting MET-hours (MET-h) were summarized into a continuous variable of total MET-h/d from recreational activities. A categorical variable with 2 levels (<5 MET-h/d and !5 MET-h/d) was thereafter created.
Total energy intake was assessed using a food frequency questionnaire similar to that previously validated (17) . Body mass index (BMI; kg/m 2 ) at diagnosis was calculated on the basis of self-reported current height and weight and weight change since diagnosis. A categorical variable of weight change was also created and patients were categorized into 3 groups: no change or a change 5%, an increase >5%, or a decrease >5% since diagnosis. Furthermore, variables of smoking habits after diagnosis, education level, and occupation during the past year were assessed.
Statistical analysis
Distributions and means of demographic and clinical variables were studied across groups of total recreational MET-h after diagnosis. Statistically significant associations were tested for using one-way ANOVA for continuous variables and c 2 test for categorical variables. Cutoff -points for categorical variables other than the physical activity categories which were defined as described above were based on established strata or arbitrarily defined before analysis. Overall and prostate cancer-specific survivals were analyzed using the Kaplan-Meier method, and time to event for the different activity categories was compared using log-rank test.
Cox proportional hazards models were used to estimate unadjusted, age-adjusted, and multivariable-adjusted HRs and 95% confidence intervals (95% CI) (18) . Time since prostate cancer diagnosis was used as the underlying time scale. All patients were left truncated by study design at the date of inclusion to PROCAP. All exposure variables were included as categorical in the Cox proportional hazards models with the lowest level of total recreational MET-h or the shortest time interval reported used as reference.
To assess potential confounding factors to adjust for in the Cox proportional hazards models, we tested whether the covariates were statistically associated with both the physical activity exposures and the mortality outcomes. The association between covariates and the exposure was assessed using linear regression models, using the continuous variable of total recreational MET-h, and the association between the covariates and the outcome was assessed using Cox proportional hazards models. Covariates tested were age at diagnosis, weight change since diagnosis, BMI at diagnosis, total energy intake, education level, smoking habits, PSA level at diagnosis, T, N, and M stage, tumor grade and Gleason score at diagnosis, and primary treatment. A statistically significant association with both exposure and outcome was found for age at diagnosis (5-year categories), weight change since diagnosis (no change, >5% increase, >5% decrease), BMI at diagnosis (<25, 25-30, >30 kg/m 2 ), Gleason score at diagnosis (<6, 6, >6), PSA level at diagnosis (continuous), and primary treatment (curative intent, radical prostatectomy, radiation therapy, or hormone therapy) which were included in the final multivariable-adjusted models. In addition, to examine whether the reporting of physical activity was influenced by illness, we carried out sensitivity analysis with 18-month lag-time excluding men who died within 18 months of responding to the questionnaire.
The level of significance was set to a ¼ 0.05. All analyses were performed using STATA 12.1 (STATA Corporation).
Results
Characteristics of the 4,623 men included in analyses are presented in Table 1 . The mean age at diagnosis was 63.1 (AE5.1) years, and the majority of men had a BMI between 25 and 30 kg/m 2 . Active men reporting !5 MET-h/d of recreational physical activity were statistically significantly older, weighed less, had a lower BMI, and reported having stable weight more often than men reporting <5 MET-h/d. The more active men also had higher total energy intake and were more often never smokers than the less active men. There was also a statistically significant difference between the groups with regards to tumor stage and primary treatment, but no clear direction of trends was seen.
During the follow-up, 561 deaths of any cause (12.1%) and 194 (4.2%) prostate cancer specific deaths occurred. The mortality rates in the whole cohort were 25.9 and 8.9 per 1,000 person-years for overall and prostate cancer-specific survival, respectively. The number of overall and prostate cancer-specific deaths and person-time for the whole group and categories of physical activity variables are displayed in Table 2 . When excluding men who died within 18 months after inclusion to PROCAP, the total number of subjects was 4,500 with 438 (9.7%) deaths from any cause and 158 (3.5%) prostate cancer specific deaths.
Kaplan-Meier curves with log-rank test analysis (Figs. 1 and 2) showed a statistically significant difference between men in the different categories of total recreational MET-h/d, time spent walking/bicycling and exercising for both overall and prostate cancer-specific mortality. For time spent performing household work, a statistically significant difference was seen between men in different categories with regards to overall but not prostate cancer-specific mortality. For both overall and prostate cancer-specific mortality, there were clear trends of higher mortality among the less active men within each activity type, with the exception of household work and prostate cancer-specific mortality, compared with the more active men.
Results from unadjusted, age-adjusted, and multivariableadjusted Cox proportional hazards models for overall and prostate cancer-specific mortality are shown in Tables 3 and 4 Prostate cancer-specific mortality rates were 29%-44% and 29%-43% lower in crude and age-adjusted models, respectively, among men in the higher categories of MET-h/d, walking/ bicycling, and exercising than in the less active reference category within each type of activity. In multivariate-adjusted models, the results remained statistically significant for men walking/bicycling !20 min/d or exercising !1 h/wk compared with the less active men (HR, 0.61; 95% CI, 0.43-0.87 and HR, 0.68; 95% CI, 0.48-0.94, respectively). When introducing lag time, the results were similar and remained statistically significant for walking/bicycling while they were slightly attenuated for exercise.
Discussion
In this large cohort study of men with localized prostate cancer, we found that engaging in higher levels of MET-h/d from recreational physical activities, walking/bicycling !20 min/d, performing household work !1 h/d, or exercising !1 h/wk, statistically significantly decreased the overall mortality rates among men with prostate cancer. In addition, walking/bicycling !20 min/d and exercising !1 h/wk were also associated with statistically significantly lower rates of prostate cancer-specific mortality.
Physical activity has been investigated in relation to risk of prostate cancer with varying results. Recently, a meta-analysis (8) showed a statistically significantly reduced risk of prostate cancer by 10% when comparing the highest versus lowest of total physical activity. High levels of physical activity have also been linked to reduced overall mortality in the general population (19) as well as among cancer survivors (6) . However, to our knowledge, only 2 studies examining the association between physical activity after a prostate cancer diagnosis and prostate cancer survival and progression have been published before our study (9, 10) . Our results for walking/bicycling and exercise are in line with the previous studies, further strengthening the evidence of a potential link between physical activity and survival among patients with prostate cancer. The first study (9) showed that men who walked !90 min/wk at a normal to very brisk pace had a 46% lower risk of all-cause mortality (HR, 0.54; 95% CI, 0.41-0.71) than those walking for shorter durations at an easier pace. For prostate cancer-specific mortality, walking briskly for longer duration was suggestively, but not statistically significant, associated with a lower mortality rate. Men engaging in vigorous activity !3 h/wk had a 49% lower risk of all-cause mortality (HR, 0.51; 95% CI, 0.36-0.72) and a 61% lower risk of prostate cancer-specific death (HR, 0.39; 95% CI, 0.18-0.84) than men engaging in <1 h/wk of vigorous activity. In the second published study (10) , men walking briskly for !3 h/wk had a 57% lower progression rate than men walking for shorter durations at an easier pace (HR, 0.43; 95% CI, 0.21-0.91). Independent of walking duration, the authors found that brisk walking pace was associated with a 48% decrease in progression rate compared with walking at an easy pace (HR, 0.52; 95% CI, 0.29-0.91).
Potential mechanisms for the effect of physical activity on cancer progression and mortality have been suggested to work through pathways of insulin and insulin-like growth factors (IGF), adipokine signaling, and inflammation (20) . Regular exercise has been shown to affect the IGF axis resulting in lower levels of serum insulin and IGF1 and increased levels of IGF-binding protein-1 in vivo with reduced proliferation and increased apoptosis of prostate tumor cells in vitro (21, 22) . A recent study also showed that serum extracted directly after strenuous exercise reduced the proliferation of prostate tumor cells in vitro, indicating an acute effect of physical activity on tumor growth (23) . Altered levels of adipokines is an effect of obesity and also associated with tumor development (24) . Favorable changes in body composition and aerobic fitness as a result of physical activity have been correlated to beneficial effects on adipokine levels in men with prostate cancer (25) . Inflammation has also been suggested to play a role in prostate cancer development and progression (26) . Physical activity has been shown to reduce levels of C-reactive protein (27) . In addition, exercise-induced decreases in oxidative stress have recently been suggested to delay prostate cancer development (28) .
The present study has a number of strengths and limitations that need to be acknowledged. The population-based design, long follow-up time, and large sample size are noteworthy strengths of the study. Compared with the previous study on physical activity and prostate cancer survival (9), our study had almost twice as many men diagnosed with prostate cancer as well as almost twice the number of prostate cancer-specific deaths during follow-up. A major limitation is, however, the study design with inclusion of men who were still alive at PROCAP study start 5 to 10 years after being diagnosed with prostate cancer. Results of survival in the present study are therefore conditioned on surviving long enough to be included. Although the survival rate during the first 10 years after diagnosis is close to 70% (3), men with the most aggressive disease were probably not included in the study, potentially limiting the generalizability of the results. However, any potential bias created by the left truncation of data is likely to result in conservative estimates rather than to induce a false-positive effect.
Another potential limitation is the self-reported assessment of physical activity. Although the physical activity questionnaire that we used has previously been shown to be valid (15) , potential misclassification cannot be ruled out. Furthermore, reversed causation is a concern as men might reduce their physical activity due to a worse state of illness which could create a false association between lower levels of physical activity and shorter survival. To account for the possibility of reversed causation, we performed additional sensitive analysis using 18 months of lag-time, excluding men who died within 18 months after responding to the questionnaire. As our point estimates did not change notably, although the confidence intervals were attenuated due to loss of power in analysis of prostate cancer-specific mortality, we do not believe our results to be an artifact of reversed causality. In addition, adjustments for Gleason score and serum PSA, which also reduces the risk of reversed causation, were made in multivariable-adjusted models.
In conclusion, our study confirms and further strengthens the results from previous studies indicating positive effects of physical activity on survival after a prostate cancer diagnosis. We found that higher levels of total MET-h/d from recreational physical activities and longer time spent walking/bicycling, performing household activities, and exercising were associated with lower overall mortality rates. In addition, longer time spent walking/ bicycling and exercising was also seen to decrease prostate cancerspecific mortality rates. This is of public health relevance, as the number of men surviving after a prostate cancer diagnosis is increasing worldwide.
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